We present the design, fabrication, and characterization of a soft-state biomicrofluidic pulse generator for single cell analysis. Hydrodynamic cell trapping via lateral microfluidic junctions allows the trapping of single cells from a bulk suspension. Microfluidic injection sites adjacent to the cell-trapping channels enable the pulsed delivery of nanoliter volumes of biochemical reagent. We demonstrated the application and removal of reagent at a frequency of 10 Hz with a rise time of less than 33 ms and a reagent consumption rate of 0.2 nL/ s. It is shown that this system operates as a low-pass filter with a cutoff frequency of 7 Hz.
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Microfluidic devices are becoming popular tools for performing high throughput cell-based assays due to significant advantages in multiplexing, rapid analysis, and reduced reagent consumption.
1 Within cell-based sensing, single cell analysis is inherently more accurate than sensing that relies on ensemble-averaged experiments. Recently, a few studies have demonstrated biofluidic applications specific integrated circuits ͑BASICs͒ to perform single cell experiments. 2 The ability to precisely deliver small amounts of biochemical reagent is a critical issue in many cell-based assays. 3 Kinetic studies of cellular processes are usually carried out using continuous perfusion systems with relatively slow exchange times. 4 However, parameters that are measured using slow perfusion can be misleading. For instance, an apparent linear response to a biochemical signal could, in fact, result from the desensitization of some receptors which have switched to an inactivated state after opening due to exposure to a ligand. 5 To effectively study the response, the perturbations must be rapid compared to the relaxation time of the system ͑i.e., milliseconds to seconds͒. To achieve this, it is necessary to apply biochemical reagents in a pulsatile manner to the extracellular space.
Traditional pulsed compound application is accomplished by micromanipulated motion of a pair of closely spaced fluid streams across a cell trapped by a pipette under a microscope 6 or by laser-pulse photolysis. 7 In a piezobased solution switcher two streams of fluid leave a dual channel glass pipette in laminar flow with two different ligand concentrations ͑usually a zero and a test concentration͒. In order to switch solutions, the pipette is rapidly translated normal to its axis, sweeping the flows across a trapped cell at the end of a pipette. 6 Although this technique is able to collect kinetic ion channel data, it requires a complex and expensive setup and is not widely used for studying dynamics in systems biology. 8 In order to increase the throughput of this technique, Orwar and co-workers replaced the dual stream scanning probe with several parallel microfluidic channels that create different laminar flowing streams in open volumes to study fast kinetic interactions on the cell surface. 9 Because it is difficult to maintain a fixed distance between the trapped cell and the perfusion exit ports, it is difficult to collect accurate data using mechanical scanning. The drawbacks to this technique are the relatively low throughput and complex experimental setup.
We recently introduced a microfluidic platform for electrophysiology in which lateral cell trapping junctions enable hydrodynamic trapping of cells from the bulk cell suspension and electrophysiological recording. 10 In this letter, we present the design and testing of a soft-state biomicrofluidic pulse generator and its integration with a cell trapping array for the simultaneous electrical and optical characterization of the dynamics of cell membrane proteins. A programmable solenoid valve provides the upstream pressure pulses controlling flow in the injection channel, while a constant buffer flow applied in the main channel is used to direct the reagent to the cell and to remove it at the end of each pulse ͓Fig. 1͑a͔͒. The experimental conditions used here are characterized by low-Reynolds and high-Peclet numbers, which result in efficient solution exchange and inhibit diffusion of biochemical reagent to the buffer flow.
We fabricated our device using soft lithography ͓Fig. 1͑b͔͒. First, SU-8 2002 ͑Microchem Corporation͒ was spin coated and patterned on a silicon wafer to define the 3-m height of trapping channels. Then, a 40-m SU-8 2050 layer was spin coated and patterned on top of the small channels for main flow channel and injection site. PDMS ͑Sylgard 184, Dow Corning Corporation͒ was prepared with a 10:1 ratio between the base and the curing agents. The poly dimethyl siloxane ͑PDMS͒ was then poured on the two-level SU-8 mold. The mold was degassed in a vacuum chamber for 10 min before curing in a 70°C oven for 4 h. The device was then diced by a razor blade and the fluidic connection ports were punched using an 18-gauge flat tip needle. The device was then irreversibly bonded to a coverglass ͑Fisher Scientific͒ after oxygen plasma treatment ͑PlasmaTherm Etcher, 50 W, 2 torr, 40 sec͒ on both the bottom of the device and the glass slide.
In order to demonstrate biochemical pulse generator around single cells we used a suspended tumor cell line ͑HeLa͒. Cells were grown in DMEM+ 10% FBS ͑Gibco͒ and passaged twice weekly. Phosphate buffered saline ͑PBS͒ was obtained from Sigma-Aldrich ͑St. Louis, MO͒. Nonadherent cells are sequentially brought to the side channels and trapped by applying negative pressure ͑28 kPa͒ ͑Ref. 8͒. a͒ Subsequently, buffer solution is flown through the main fluidic channel at a constant flow rate ͑2 L / min͒ ͑Cole Parmer 74900͒. After cell trapping, the solenoid valve pulses biochemical reagents through the injection channel to induce the rapid succession response of single cells ͓Figs. 1͑c͒-1͑f͔͒.
We developed a finite element model for simulation of steady-state mass transfer characteristics of the device. The finite element model was built using the FEMLAB™ software package ͑version 3.0, Comsol, Stockholm, Sweden͒. First, the Navier-Stokes equations were solved for the carrier liquid to obtain the flow field. This field was then fixed and the simulation of the convection-diffusion equation was performed. The dimensions of the domains are equal to the values chosen in the preceding section. The entire domain was meshed using four-noded tetrahedron with a dense mesh in the region of larger gradient ͓Fig. 2͑a͔͒. The solutions were found to be practically independent of the spatial and temporal discretization with the grids used. This was assessed for the three-dimensional ͑3D͒ simulations by coarsening and refining the grid spacing by a factor of 2 and repeating the calculation. As the boundary condition, a fully developed velocity profile was imposed at the inlet with maximum velocity corresponding to the inlet flow rate ͑2 l / min͒. Zero traction and no-slip boundary conditions were set at the outlet and on the walls, respectively. In the mass transfer simulation, the carrier liquid in the main channel was modeled as water at 293 K and the compound ͑fluorescein͒ at the side channel with a diffusion coefficient D =1ϫ 10 −10 m 2 s −1 to simulate the 3D plume profile ͓Fig. 2͑b͔͒. Plume intensity distribution of 10 nM fluorescein has been also measured 30 m from the injection channel for different injection pressures at two different flow rates ͓Figs. 2͑d͒ and 2͑f͔͒. In order to compare the simulation with experimental results, a cross section of the numerical concentration distribution 30 m from the injection channel was integrated over the height of the channel ͓Figs. 2͑c͒ and 2͑e͔͒. The average standard deviation between the normalized intensity measurement and simulated concentration profiles for the two flow rates 2 and 3 l / min are 0.0238 and 0.0248, respectively. The greatest discrepancy occurs close to the channel sidewall ͑at small Y values͒ and can be explained by the light refraction from the channel wall. These results allow us to calculate the fluidic resistance of the system in a steady-state condition. The fluidic resistance is defined as the ratio of hydrodynamic pressure over volume flow rate. Our soft-state microfluidic device exhibits a nonlinear resistance due to expansion of the PDMS channel cross section under pressure.
In order to characterize the biochemical pulses, i.e., reagent exchange efficiency, a fluorescent marker ͑10 nM fluorescein͒ was introduced through the injection channel using an upstream solenoid valve ͑VHS-Nanoliter Dispensing Valves, The Lee Corporation͒. By monitoring the intensity of fluorescein, we have shown that application and removal can be accomplished at a frequency of 10 Hz, or in a time span of 100 ms. The temporal profile is analyzed by measuring the intensity of a point in the cell trapping region, 30 m away from the injection channel. Temporal profiles were obtained for various frequencies using an injection pressure of 10 psi, and a main channel flow rate of 2 L / min ͓Fig. 3͑a͔͒. The observed rise time ͑0%-90% of 
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max concentration͒ is less than 33 ms, which is the time between consecutive frames for our video acquisition. This result is on par with previously published results using mechanical scanning, 9 and is one order of magnitude faster than the previously reported microfluidic reagent exchange. 3 Reagent consumption per data point is proportional with the flow rate of the reagent in the injection channel and the time of reagent application to the trapped cells. For a measurement time of 500 ms, the reagent volume used is 1.25 nL. Fast compound exchange is only possible if we use a leak port upstream of the injection channel right after the solenoid valve ͑i.e., split the exit port of the solenoid valve into two tubes͒: one tube leading to the injection channel and the other tube leading to ambient pressure. During pulsed application through the injection channel, the PDMS fluidic channels show a capacitive behavior. The combination of capacitive behavior and fluidic resistance of the injection channels causes a pressure-release delay within the device. This creates a fluidic low-pass filter with a cutoff frequency of 7 Hz and prevents the exchange of solutions at higher frequencies ͓Fig. 3͑b͔͒. In the future, we believe that geometry optimization will make possible application times below 10 ms.
In order to characterize the soft-state microfluidic system, we modeled the device performance using a lumped circuit diagram ͓Fig. 3͑c͔͒. The fluidic capacitance is described as the ratio of volume change over applied hydrodynamic pressure. Assuming that the channel widens ⌬D H when a hydrodynamic pressure ͑p͒ is applied, we can use applications of integral transforms in the theory of elasticity to derive an explicit relationship between pressure and geometry,
where G is the bulk modulus of the microfluidic channels ͑G = 800 kPa for PDMS͒ and D H is the hydraulic diameter. Therefore we get the fluidic capacitance
This lumped circuit model is based on the largest resistance and capacitance ͑RC͒ elements in the device, which consist of the smallest side channels. These side channels have cross sections of 3 m ϫ 4 m and lengths of 120 m, and therefore C = 5.7ϫ 10 −21 m 3 / Pa. Using R values calculated from steady-state analysis ͑R = 1.2ϫ 10 20 Pa s/m 3 ͒ we plotted the normalized concentration amplitude correlated to the circuit response ͓Fig. 3͑b͔͒.
In conclusion, we integrated a soft-state biomicrofluidic pulse generator and a hydrodynamic cell trapping array for the single cell analysis. We demonstrated the application and removal of a reagent to single trapped cells at a frequency of 10 Hz or ͑a period of 100 ms͒ with a rise time ͑0%-90% of max concentration͒ of less than 33 ms and a reagent consumption rate of below 0.2 nL/ s. The local concentration distribution and system fluidic resistance were modeled using finite element calculations based on fluid flow and mass transport equations. It is shown that this system operates as a low-pass filter with a cutoff frequency of 7 Hz, and can be fit by a simple circuit model.
In conjunction with fast solution exchange, such devices will enable the simultaneous monitoring of the binding of fluorescence molecules and the electrophysiological response of cell membrane proteins such as ion channels. The current through ion channels under a pulsed reagent flow can provide vital information on how biochemical signals such as neurotransmitters propagate in synaptic junctions. 12 Further development of the soft-state BASICs presented in this letter will provide a general method for the study of how fast biochemical signals applied to the extracellular space induce changes in biological systems at the single cell level for systems biology investigations.
The devices presented in this paper were fabricated in the U.C. Berkeley Microfabrication Laboratory. Special thanks to Amirali H. Talasaz of Stanford University for help in circuit modeling. 
